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Lefty Proteins Are Long-Range Inhibitors
of Squint-Mediated Nodal Signaling
ies suggest that these TGF- factors might compete for
binding to Activin receptors [8, 14].
Some of the regulatory properties of Lefty and Nodal
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Skirball Institute of Biomolecular Medicine
Department of Cell Biology are reminiscent of the interactions postulated in pattern-
generating reaction-diffusion models ([15–17], Figure 2).New York University School of Medicine
New York, New York 10016 These models postulate that the interaction between an
activator and an inhibitor patterns fields of cells during
development. Some reaction-diffusion models propose
the following four interactions between an activator andSummary
an inhibitor [17]. (1) The activator activates its own pro-
duction. (2) The activator activates an inhibitor. (3) TheThe regulation of signaling pathways by feedback in-
inhibitor blocks the autoactivation of the activator. (4)hibitors has become an emerging theme in the control
The inhibitor acts long-range to restrict the effectiveof pattern formation during development [1]. Nodal
range of the activator. The zebrafish Nodal signal Squintand Lefty proteins belong to divergent subfamilies of
(Sqt) fulfills the model’s criteria for an activator; it isthe TGF- family [2–5]. Nodal signals promote mesen-
(1) activated by Nodal signaling [8] and (2) activatesdoderm induction in vertebrates, and Lefty proteins
transcription of lefty1 and lefty2 [8]. Lefty acts as a feed-antagonize it [2–5]. In zebrafish, Squint functions as a
back inhibitor of Nodal signaling [7–10, 11–13], but itlong-range Nodal signal during mesoderm induction
has not been established if (3) Lefty diminishes the range[6]. We report that the range over which Squint induces
of Nodal signaling as an antagonist of Nodal autoregula-mesoderm is reduced by Lefty proteins. In contrast,
tion and/or (4) as a long-range inhibitor of Nodal signal-the activity range of the short-range Nodal signal Cy-
ing [8, 12, 18]. To test these possibilities, we studiedclops is not regulated by Lefty activity. We present
the role of Lefty proteins in regulating the activity ofthree lines of evidence that Lefty proteins diminish
the long-range Nodal signal Sqt [6] and the short-rangethe range of Squint signaling by acting not only as
Nodal signal Cyclops (Cyc) [6] during mesendoderm in-antagonists of Squint autoregulation but also as long-
duction in zebrafish [19].range inhibitors of Squint activity. First, Lefty can block
At blastula stages, cyc, sqt, lefty1, and lefty2 areNodal signaling at a distance. Second, Lefty regulates
expressed in the most marginal tiers, overlapping andthe range of Squint signaling before regulating squint
adjacent to mesendoderm precursors [8, 14, 20–23].expression. Third, Lefty restricts the range of Squint
During this time, Sqt, but not Cyc, is required for theactivity in squint mutant embryos, in which the endog-
long-range induction of Nodal-regulated downstreamenous gene is not subject to autoregulation. We also
genes [6]. Injection of lefty1 and lefty2 morpholinos (leftyfind that Lefty restricts the response to both high and
MO) into wild-type embryos expands the expression oflow levels of Nodal signaling. These results indicate
the Nodal target genes no tail (ntl) [13] and bhikhari (bik)that Lefty proteins restrict the activity range of Nodal
at the blastoderm margin (Figures 1A, 1F, 1K, and 1P).signals by dampening Nodal signaling in surrounding
This expansion is dependent on Nodal signaling, indicat-cells.
ing that the main function of Lefties during mesoderm
induction is to inhibit Nodal signaling (Figures 1D, 1E,
Results and Discussion 1I, 1J, 1N, 1O, 1S, and 1T). To determine if Cyc and/or
Sqt contribute to the expanded range of Nodal signaling,
TGF- signals belonging to the Nodal family are essen- we blocked lefty function in cyc or sqt mutants. lefty
tial for vertebrate mesendoderm induction and left-right MO injected into cyc mutant embryos, which still ex-
axis development [2–4]. One of the consequences of press sqt, results in an expansion of the ntl and bik
Nodal signaling is the transcriptional activation of both domains; this expansion is similar to that observed in
Nodal and its antagonist, Lefty [1, 5, 7–10]. Misexpres- lefty MO-injected wild-type embryos (Figures 1F, 1H, 1P,
sion of Lefty proteins blocks Nodal signaling, and loss and 1R). In contrast, lefty MO injection into sqt mutants,
of Lefty activities enhances Nodal signaling [7–13]. Con- which still express cyc, does not result in expanded
sequently, mouse lefty2 mutants have an expanded expression of ntl and bik (Figures 1B, 1G, 1L, and 1Q).
primitive streak [8], and morpholino-mediated inhibition These results suggest that the expanded range of Nodal
of zebrafish lefty1 and lefty2 results in the expanded signaling when lefty is blocked is mediated by Sqt but
expression of mesendodermal genes ([13]; Figure 1). not Cyc.
Similarly, specific loss of lefty2 in the left lateral plate Based on the reaction-diffusion model described
of mouse lefty2ASE mutants leads to the expanded in- above, two different mechanisms could explain the ex-
duction of Nodal-regulated genes [12]. These results panded range of Sqt activity when lefty is blocked. Lefty
suggest that Lefty proteins restrict the activation of the might diminish the range of Sqt signaling by acting as
Nodal signaling pathway. The molecular basis for Lefty/ an antagonist of Sqt autoregulation, by acting as a long-
Nodal antagonism is not understood, but genetic stud- range inhibitor of Sqt activity, or both. In the first sce-
nario, loss of Lefty would increase Sqt autoregulation
and result in higher levels of Sqt. This would then lead1Correspondence: schier@saturn.med.nyu.edu
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Figure 2. One Form of the Reaction-Diffusion Model
The activator activates both its own production and production of
the inhibitor. The inhibitor blocks activator autoregulation and acts
long-range to restrict the effects of the activator.
observation that a Lefty-GFP fusion protein can be de-
tected in distant cells in the chick lateral plate [18],
although it has been unclear if the levels of Lefty used
in these experiments are physiological or if the detected
protein is active in this assay. To distinguish between
these models, we first determined if Lefty proteins can
act at a distance. We injected lefty1 or lefty2 mRNA into
a single cell at the animal pole region at the 128-cell
stage and fixed the embryos 3 hr later at the germ-
ring stage. We found that Lefty1 and Lefty2 that were
produced in distant cells suppressed Nodal signaling at
the blastoderm margin, as shown by both the loss of
bik expression and the severe reduction of the dorsal
ntl domain (Figures 3B and 3D). This result indicates
that Lefty proteins can act as long-range inhibitors.
To determine if blocking lefty function increases Sqt
autoregulation, we compared sqt expression in wild-
type and lefty MO-injected embryos. As shown in Fig-
ures 4J and 4N, sqt expression is increased in the leftyFigure 1. The Expanded Range of Nodal Signaling upon the
Blockage of lefty Is Mediated by Sqt but not Cyc MO-injected embryo after 30% epiboly. However, at the
earlier dome stage, when there is already a significantlefty was blocked by injection of 5 ng each of lefty1 and lefty2
morpholinos (lefty MO) into embryos at the one-cell stage [13]. The expansion of ntl expression, there is no discernable
specificity of the morpholinos has been previously validated [13]. change in sqt expression in lefty MO-injected embryos
ntl, bik, and gsc expression at the germ ring stage is visualized by (Figures 4A, 4E, 4I, and 4M). This result indicates that
in situ staining, shown in blue. (A–J) Dorsal ntl expression in embryos
Lefty blocks Sqt autoregulation but that the initial expan-of various genotypes without lefty MO (A–E) or with lefty MO (F–J).
sion of Sqt-regulated genes is not correlated with signifi-The ntl expression domain is expanded in lefty MO-injected wild-
type embryos (F); this expansion depends on Nodal signaling be- cantly higher levels of sqt expression.
cause it does not occur in cyc;sqt double mutants (I) and maternal- Because this result is not fully quantitative, we next
zygotic one-eyed pinhead (MZoep) mutants (J). Similar expansion conducted experiments to directly assess the role of
is also observed in cyc mutants injected with lefty MO (H). In con- Lefty in the presence or absence of sqt autoregulation.
trast, no expansion of the ntl expression domain was observed in
Local expression of 0.8 pg sqt mRNA in the wild-typesqt mutants (G). Similar results are seen for bik (K–T) and gsc (A–J)
results in the induction of ntl within 4 cell diameters of theexpression without (K–O and A–E) or with (P–T and F–J) lefty MO.
Embryos were genotyped as described previously [6]. source (Figure 5A). When lefty is blocked, ntl induction
expands dramatically (Figure 5C). To determine if this
expansion requires Nodal autoregulation, we performed
the same experiment in cyc;sqt double mutants. In theseto higher levels of Sqt at a distance and to longer-range
activation of downstream genes. This model is sup- mutants, the cyc and sqt genes cannot be induced by
Sqt. If the ntl expansion seen in lefty MO-injected wild-ported by the observation that Nodal expression is in-
creased and prolonged in the lateral plate of lefty2ASE type embryos requires increased sqt expression (Sqt
autoregulation), then the expansion of ntl should notmouse mutants [12]. In the second scenario, Lefty would
act at a distance and block the activity of Sqt or its be detected in lefty MO-injected cyc;sqt mutants. In
contrast, we found that ntl is expanded in lefty MO-downstream mediators. This model is supported by the
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Figure 3. Lefty Can Act at a Distance
lefty1 mRNA was coinjected with fluorescein-
dextran into a single cell in wild-type embryos
at the 128-cell stage; embryos were fixed 3
hr later at the germ ring stage. ntl and bik
expression is shown in blue, whereas the
cells injected with the mRNA are marked by
the brown staining produced by detection of
the lineage tracer fluorescein-dextran with an
anti-fluorescein antibody. (A) ntl expression
in a wild-type embryo at the germ ring stage.
(B and B) Single-cell injection with 6 pg lefty1
mRNA. Dorsal ntl expression, which depends
on Nodal signaling, is severely reduced (n 
10/10). (C) bik expression in a wild-type em-
bryo at the germ ring stage. (D and D) Single-
cell injection with 6 pg lefty1 mRNA. bik ex-
pression is abolished (n  7/7). The focus in
(B) and (D) is on the expression domains of ntl
and bik in marginal cells, whereas the focus in
(B) and (D) is on the injected cells.
injected cyc;sqt mutants (Figure 5D), demonstrating that signaling activity. For instance, the BMP inhibitor Short
gastrulation (Sog) not only blocks the activation of genesautoregulation is not required for ntl expansion in lefty
MO-injected embryos. that require low levels of BMP signaling in ventrolateral
regions of the Drosophila embryo but also promotesSecreted inhibitors might not only dampen signaling
but could also differentially modulate the distribution of high-level BMP signaling on the dorsal side [24–25]. The
results described above indicate that Lefty blocks the
Sqt-mediated induction of ntl, a gene induced by low
levels of Nodal signaling. To determine how Lefty regu-
lates the expression of genes that require high levels of
Nodal signaling, we performed the same experiments
as those described for ntl by using gsc as a marker gene
[6, 26]. We found that blocking lefty also expands the
range of gsc induction (Figures 1F and 5E–5H). This is
seen in both the presence and absence of sqt autoregu-
lation (Figures 5E–5H). These results suggest that Lefty
diminishes both high- and low-level Sqt signaling.
In summary, our results suggest that Lefty not only
acts as an antagonist of Sqt autoregulation but also
diminishes the range of Sqt signaling by acting as a
long-range inhibitor. The most basic model consistent
with current evidence is that Lefty dampens the activity
of or response to Sqt signals in surrounding cells and
thus limits the effective range of this morphogen. Sqt
and Lefty thus fulfill the basic criteria for an activator/
inhibitor pair as postulated in the reaction-diffusion
model (Figure 2; [15–17, 27]). (1) The activator Sqt acti-
vates its own production [8]; (2) Sqt activates the inhibi-
tor lefty [8]; (3) Lefty blocks the autoactivation of sqt
(Figure 4); and (4) Lefty acts long-range to restrict the
effective range of Sqt (Figures 1 and 3–5). Reaction-
diffusion models also postulate that the inhibitor has a
longer range than the activator. Although Lefty and Sqt
proteins have not been directly visualized, it is likely
that Lefty has a longer activity range than Squint. First,
expression of Lefty at the animal pole can block Nodal
signaling at the margin within less than 3 hr, indicating
Figure 4. Lefty Regulates the Range of Sqt Activity Prior to Regulat- that Lefty can move rapidly over a distance of more than
ing sqt Expression 200 m (Figure 3). In the same assay, Sqt activates
ntl and sqt expression was examined at different developmental Nodal signaling within less than 100 m ([6]; Figure 5).
stages in wild-type embryos (A-D and I–L) and lefty MO-injected Second, sqt and lefty are expressed in overlapping do-
embryos (E–H and M–P). The ntl expression domain in the lefty MO-
mains at the margin, but lefty expression is delayed withinjected embryos is expanded from the dome stage (E–H), whereas
respect to sqt expression [7, 8, 14]. Hence, for Lefty tosqt expression in these embryos is only increased after 30% epiboly
(N–P). block the range of Sqt signaling (Figures 1 and 5), it has
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